An unusual bacterial pathogen of laboratory mice has been previously classified as an atypical biotype of Citrobacter freundii. Designated C. freundii biotype 4280, this bacterium is the etiologic agent of transmissible murine colonic hyperplasia. An eaeA gene has been shown to be present in this organism and to be necessary for virulence in laboratory mice. However, other biotypes of C. freundii lack DNA homology with the eaeA gene. Because of the recent reclassification in which five named species and three unnamed species, all previously considered C. freundii, were described, we determined the taxonomic status of C. freundii biotype 4280. With a battery of biochemical tests and DNA relatedness studies, three isolates of C. freundii biotype 4280 were shown to be members of an unnamed Citrobacter species, designated species 9. In total, six isolates of Citrobacter species 9, but none of the type strains of the other eight named species or of the two remaining unnamed species of Citrobacter, were shown to possess DNA homology with both the eaeA and the eaeB genes. Species 9 was named Citrobacter rodentium sp. nov.
The genus Citrobacter has recently been reclassified on the basis of DNA relatedness to include eight named and three unnamed genomospecies (7) . A genomospecies is a species defined by DNA relatedness (23) , but for convenience, these 11 groups are simply referred to as species in this report. One of these unnamed groups, species 9, contains only strains isolated from rodents. The purpose of this study was to compare Citrobacter species 9 with a naturally occurring bacterial pathogen of laboratory mice previously classified as Citrobacter freundii biotype 4280 (2) . The disease caused by this organism, known as transmissible murine colonic hyperplasia, is characterized by mucosal proliferation (3) and by the presence of histopathologic changes known as attaching and effacing lesions (16) . These lesions are morphologically indistinguishable from the histopathologic changes caused by enteropathogenic Escherichia coli (EPEC). In EPEC, a chromosomal gene called eaeA, for E. coli attaching and effacing, is necessary for attaching and effacing lesion formation (15) . C. freundii biotype 4280 has also been shown to possess an eaeA gene (20) .
We report here that, on the basis of biochemical characteristics and DNA relatedness, C. freundii biotype 4280 is a member of Citrobacter species 9, which we have now named Citrobacter rodentium sp. nov. Furthermore, we have examined the six Citrobacter species 9 strains and the type strains from each of the other eight named Citrobacter species and from the two remaining unnamed Citrobacter species for DNA homology with eaeA and eaeB by Southern blot analysis. eaeB is a second chromosomal gene in EPEC which has been shown to be necessary for attaching and effacing lesion formation (10) . The demonstration of eaeA and eaeB homology in Citrobacter species 9, but not in the other Citrobacter type strains, suggests that Citrobacter species 9 shares more than one virulence determinant with EPEC and raises the possibility that horizontal transfer of multiple virulence genes has taken place.
MATERIALS AND METHODS
Strains and plasmids. Bacteria were stored at Ϫ80ЊC in Luria-Bertani broth containing 50% (vol/vol) glycerol (Massachusetts Institute of Technology) at Ϫ70ЊC or in sheep blood (Centers for Disease Control and Prevention [CDC]). Bacteria were grown at 37ЊC in Luria-Bertani broth or on Luria-Bertani agar (Massachusetts Institute of Technology) or on 5% sheep blood agar (CDC). For maintenance of recombinant plasmids, strains were grown in media supplemented with ampicillin (100 g/ml). The strains and plasmids used in this study are described in Table 1 . C. freundii biotype 4280 strains DBS125 and DBS126 were generously provided by Earl Steffen (University of Missouri College of Veterinary Medicine).
Biochemical tests. The methods used for biochemical testing were performed at the CDC essentially as described previously (11, 13) .
DNA relatedness. To obtain cells for DNA extraction, Citrobacter strains were grown in brain heart infusion broth at 36 Ϯ 1ЊC with shaking until they reached the late logarithmic phase. The methods used for extraction and purification of DNA have been described previously (8) . DNA samples were labeled enzymatically in vitro with [ 32 P]dCTP by using a nick translation reagent kit (Bethesda Research Laboratories, Inc., Gaithersburg, Md.) as directed by the manufacturer. Relatedness between pairs of bacterial DNA was determined by the hydroxyapatite method. DNA samples to be hybridized were incubated at 60ЊC; thermal-elution profiles were obtained as previously described (8) . Divergence within related DNA sequences was calculated to the nearest 0.5%.
PCR. To amplify an eaeB gene probe, oligonucleotides based on the published E. coli eaeB sequence (10) were synthesized. BAZ 104, corresponding to nucleotides 484 through 500 (5Ј-GGCGCGAGTGATGTCGC-3Ј), and BAZ 105, complementary to nucleotides 1050 through 1066 (5Ј-AGCGAGCCGCTTGC CCC-3Ј), are predicted to amplify an internal 583-bp fragment from the E. coli eaeB gene. PCR was performed in a 100-l volume with 20 pmol of each oligonucleotide and 125 pmol of each deoxynucleoside triphosphate in a final concentration of 50 mM KCl, 10 mM Tris (pH 8.3), and 1.5 mM MgCl 2 . Approximately 1 g of JPN15 genomic DNA was used as a template, and 2.5 U of Taq DNA polymerase (Promega Corp., Madison, Wis.) was included in the reaction mixture. An overlay of sterile mineral oil was applied, and the samples were subjected to 30 cycles of 95ЊC for 1 min, 55ЊC for 1 min, and 72ЊC for 2 min in a DNA thermal cycler (Perkin-Elmer Corp., Norwalk, Conn.). After agarose gel electrophoresis, the PCR products were visualized in the presence of ethidium bromide with a UV light source.
Southern blot analysis. To obtain DNA for Southern blot analysis, plasmid DNA was isolated with QIAGEN-tips (Qiagen Inc., Chatsworth, Calif.) according to the manufacturer's recommendations. Genomic DNA was isolated from bacteria as previously described (18) . Genomic DNA was digested with restriction enzymes (New England Biolabs Inc., Beverly, Mass.), and the DNA fragments were separated by electrophoresis on a 0.75% agarose gel. The DNA fragments were transferred to a nylon membrane (Hybond-Nϩ; Amersham Corp., Arlington Heights, Ill.) by the capillary method as previously described (19) . To generate an eaeA gene probe, pCVD434 was digested with KpnI and SalI (New England Biolabs). The previously described 1-kb restriction fragment of the eaeA gene from EPEC (15) was then separated by electrophoresis and isolated from a low-melting-point agarose gel (NuSieve GTG; FMC Corp., Rockland, Maine). The PCR-amplified eaeB gene probe was similarly isolated. These fragments were directly labeled with a chemiluminescence detection kit (ECL; Amersham Corp.) according to the recommendations of the manufacturer. After hybridization overnight at 42ЊC, the filters were washed twice for 20 min each time at 42ЊC in 6 M urea-0.4% sodium dodecyl sulfate-0.1ϫ SSC (1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate); these washes were followed by two additional 5-min washes at room temperature in 20ϫ SSC. For low-stringency washes, the final concentration of SSC in the primary wash solution was increased from 0.1ϫ to 2ϫ. The detection reagents included with the kit were used as directed, and positive signals were detected by exposure to radiographic film (Hyperfilm-ECL; Amersham Corp.).
RESULTS

Biochemical reactions.
Biochemical tests were performed with three strains previously shown to belong to Citrobacter species 9 (7), with the strain originally designated C. freundii biotype 4280 (2), and with two additional C. freundii biotype 4280 isolates recovered in the 1980s from laboratory mice at the University of Missouri College of Veterinary Medicine. The biochemical reactions of all the strains were essentially identical (Table 2) , which is consistent with the conclusion that the C. freundii biotype 4280 strains belong to Citrobacter species 9. This species can be differentiated from other Citrobacter species by the fact that it is negative in tests for indole production, citrate utilization (negative within 2 days), growth in KCN (originally reported to be positive for one strain [7] ), arginine dihydrolase, and motility and the fact that it is positive in the test for ornithine decarboxylase. Also helpful in distinguishing Citrobacter species 9 from one or more Citrobacter species are its negative reactions for H 2 S, sucrose, dulcitol, melibiose, and glycerol and its positive reaction for malonate.
DNA relatedness. Labeled DNA from the Citrobacter species 9 type strain 1843-73 was 92 to 97% related, with 0.5% divergence, to unlabeled DNA from the three C. freundii biotype 4280 strains.
DNA homology with eaeA and eaeB. Samples of genomic DNA from all six Citrobacter species 9 strains, as well as from each of the type strains of the other eight named Citrobacter species and the two remaining unnamed Citrobacter species, were examined for eae gene homology by Southern blot analysis. As controls, genomic DNA from the human EPEC strain JPN15 and cosmid DNA from pDBS2 were also examined by Southern blot analysis. pDBS2 contains a fragment of DBS100 chromosomal DNA, which has been shown to contain the entire Citrobacter eaeA gene (20) . As expected, the eaeA gene probed hybridized to a single fragment of genomic DNA from the human EPEC strain JPN15 and to a single ϳ18-kb fragment of EcoRI-digested pDBS2 DNA (Fig. 1A) . The eaeA gene probe was found to hybridize under conditions of high stringency to single 18-kb fragments of EcoRI-digested genomic DNA from all of the Citrobacter species 9 strains (Fig.  1A) . In contrast, even under conditions of low stringency, the eaeA gene probe was not observed to hybridize to EcoRIdigested DNA from any of the other Citrobacter type strains (Fig. 2) . The eaeB gene probe was also found to hybridize to an 18-kb fragment of Citrobacter species 9 DNA under conditions of high stringency (Fig. 1B) . Under conditions of low stringency, no hybridization between the eaeB gene probe and any of the other Citrobacter type strains was detected (data not shown).
DISCUSSION
The three previously studied strains of Citrobacter species 9 were 93 to 96% related, with 0% divergence within related DNA sequences. The three C. freundii biotype 4280 strains were 92 to 97% related to Citrobacter species 9, with 0.5% divergence within related DNA sequences, leaving no doubt that they belong to Citrobacter species 9.
We have determined on the basis of biochemical reactions and DNA relatedness that three strains of Citrobacter species 9 and three strains of what was previously called C. freundii biotype 4280 together constitute a species of Citrobacter. We have named this species Citrobacter rodentium sp. nov. (see description below). We have also determined by Southern blot analysis that DNA from all six C. rodentium strains, but not DNA from the type strains of the other Citrobacter species, contains sequences homologous with the eaeA and eaeB genes of EPEC. The eaeA gene probe was an internal restriction fragment from a portion of the gene known to be conserved between EPEC and Citrobacter spp. (20) . Hybridization studies with a probe derived from the 3Ј end of the gene, which is divergent between EPEC and Citrobacter spp. (20) and which has been shown to encode a domain with epithelial cell binding activity (12), have not yet been performed. The eaeB gene probe was an internal fragment of the EPEC eaeB gene. We are currently cloning and determining the nucleotide sequence of the Citrobacter eaeB gene.
Transmissible murine colonic hyperplasia is characterized by intimate bacterial adherence to colonic enterocytes and effacement of the microvillus brush border (16) . In EPEC, both eaeA (15) and eaeB (10) are necessary for intimate adherence to cultured epithelial cells. In addition, inactivation of the eaeA gene in C. rodentium DBS100 results in the loss of the ability to colonize the mouse colon (21) . While it is clear that other genes are required for effacement (for a review, see reference 9), the presence of eae gene homology suggests that all six strains of C. rodentium can adhere intimately in the mouse colon and can cause transmissible murine colonic hyperplasia. Indeed, DBS100, DBS125, DBS126, and CDC3311-75 were each isolated from mice with this disease. CDC2643-76 was also isolated from a mouse, but in this case the presence of clinical signs of disease was not recorded. Disease susceptibility is known to be influenced by both the age and the genetic background of the host (4). Infection of adult, outbred mice with C. rodentium often does not result in clinical signs of disease (3) . The type strain, CDC1843-73, was isolated by George Osbaldiston, Section of Laboratory Animal Services, Yale University, New Haven, Conn. CDC records indicate that it was isolated from the ileum of a hamster. However, it is highly probable that the strain was actually isolated from a mouse, since studies of transmissible murine colonic hyperplasia were ongoing in that laboratory and no such strain was isolated from hamsters (1a). Furthermore, oral challenge of Syrian hamsters with DBS100 failed to result in intestinal colonization (4). We are currently testing each strain for virulence in mice and are attempting to characterize the true host range of C. rodentium. The presence of eae genes homologous with those of EPEC in C. rodentium but not in the other Citrobacter species raises the question of where these genes originated. Genes homologous to eaeA have also been identified in enterohemorrhagic E. 
a Preparations were incubated at 35 Ϯ 1ЊC, except gelatin liquefaction (22ЊC) and DNase (25ЊC). Results for each test were read daily for 7 days of incubation, except those for the methyl red and Voges-Proskauer tests, which were read after 2 days of incubation. ϩ, positive within 2 days; Ϫ, negative after 7 days. A number indicates that a delayed positive reaction was obtained on day d.
coli (5, 24) and in some isolates of Hafnia alvei (1). More recently, it has been reported that both eaeA and eaeB, along with several other genes involved in effacement, are located on an ϳ35-kb fragment of chromosomal DNA in EPEC (17) . This region has been called the locus for enterocyte effacement (LEE) and maps to 82 min on the E. coli chromosome (17) . This is the same map location at which the retronphage R73 (14, 22) and the pathogenicity islands of uropathogenic E. coli (6) are known to insert. It may be that large clusters of virulence factors, including the LEE, undergo horizontal transfer. Such mobile genetic elements may, on occasion, even move between genera in the family Enterobacteriaceae. We speculate that C. rodentium strains are descendants of a recipient of just this sort of gene transfer.
McDaniel et al. reported that DNA homology between four separate fragments of the EPEC LEE and C. rodentium DBS100 exists (17) . Since this was determined by colony hybridization, it is not known if all four loci are physically linked on the C. rodentium chromosome. By Southern blot analysis of pDBS2, we have demonstrated that both the eaeA and the eaeB gene probes hybridize to a single ϳ18-kb EcoRI fragment of C. rodentium chromosomal DNA. Furthermore, both of these gene probes hybridized to a single restriction fragment of pDBS2, indicating that these two loci are linked on the C. rodentium chromosome. It remains to be determined if the other loci also localize to this region and if C. rodentium has a LEE similar to that of EPEC. If so, the unusual biochemical reactions of this species may simply reflect the biotype of the original Citrobacter strain to acquire the LEE. We plan to test this hypothesis by introducing the putative C. rodentium LEE into other Citrobacter species. Such a study should help clarify the relationship between attaching and effacing E. coli, C. rodentium, and other Citrobacter species.
Description of C. rodentium sp. nov. C. rodentium (ro.denЈ ti.um. L. part. adj. used as a gen. n. rodentium, of gnawing animals [since it was isolated from mice]). Corresponds to Citrobacter species 9 (7). Negative for indole production, ci- on July 6, 2017 by guest http://jcm.asm.org/ trate (within 2 days), growth in KCN, and arginine dihydrolase and is ornithine decarboxylase positive. Other characteristics useful for differentiation are lack of motility; inability to produce H 2 S; inability to produce acid from melibiose, sucrose, dulcitol, or glycerol; positive malonate reaction; and ability to utilize malonate but not glycerol as a sole carbon source. A full list of biochemical results is shown in Table 2 . It should be noted that there are some minor differences between the biochemical results reported in Table 2 and those reported previously for the three strains of Citrobacter species 9 (7). Those results are as follows: 67% (previously 0%) delayed citrate positive, 83% (previously 100%) urease positive and 100% delayed urease positive, 0% (previously 33%) KCN positive, 83% (previously 33%) delayed esculin positive, and 33% (previously 0%) delayed glycerol positive.
This organism has been isolated only from rodents, and it includes isolates known to be pathogenic in laboratory mice, previously referred to as C. freundii biotype 4280 (2) . The type strain is CDC1843-73 (ATCC 51116), which was in all probability isolated from a mouse in Connecticut (1a).
